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▪ Chain of rapid cycling synchrotrons, counter-rotating m+/m- beams

→ 63 GeV → 0.31 TeV → 0.75 TeV → 1.5 TeV (→ 5 TeV)

▪ Hybrid RCSs have intersecting normal conducting (NC) and superconducting 

(SC) magnets

▪ The studies presented aim to determine the RF (cavity) and lattice parameter 

(number of RF stations, momentum compaction factor,…)
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Introduction

Courtesy: Fabian Batsch
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A lot of constraints

▪ Muons decay very fast (Rest lifetime: 2.2 µs): 

▪ We should accelerate as fast: 𝜏𝑎𝑐𝑐 as low as possible.

▪ Muon survival: 
𝑵𝒆𝒙𝒕

𝑵𝒊𝒏𝒋
=

𝑬𝒆𝒙𝒕

𝑬𝒊𝒏𝒋

−
𝝉𝒂𝒄𝒄

𝝉𝝁 𝜸𝒆𝒙𝒕−𝜸𝒊𝒏𝒋 for a linear ramp

▪ To decrease cost operation, we should:

▪ Minimize the total voltage and thus energy gain per turn: 

Energy gain: 𝜟𝑬 =
𝑬𝒆𝒙𝒕−𝑬𝒊𝒏𝒋

𝝉𝒂𝒄𝒄

𝑳𝑹𝑪𝑺

𝒄
⇒ RCS as small as possible

▪ Interest of a hybrid RCS: higher average field ⇒ smaller synchotron. 

▪ But different path lengths and orbits.

▪ Optimize the dipole ramp to minimize the power consumption (see Fulvio’s talk).

▪ Find the best ratio extraction/injection ratio between the different acceleration stages.

𝑳𝑵𝑪 = 𝟐𝝅
𝑩𝝆𝒆𝒙𝒕 − 𝑩𝝆𝒊𝒏𝒋

𝑩𝑵𝑪,𝒆𝒙𝒕 − 𝑩𝑵𝑪,𝒊𝒏𝒋
= 𝝅

𝑩𝝆𝒆𝒙𝒕 − 𝑩𝝆𝒊𝒏𝒋

𝑩𝑵𝑪

𝑳𝑺𝑪 = 𝟐𝝅
𝑩𝝆𝒊𝒏𝒋𝑩𝑵𝑪,𝒆𝒙𝒕 − 𝑩𝝆𝒆𝒙𝒕𝑩𝑵𝑪,𝒊𝒏𝒋

𝑩𝑺𝑪(𝑩𝑵𝑪,𝒆𝒙𝒕 − 𝑩𝑵𝑪,𝒊𝒏𝒋)
= 𝝅

𝑩𝝆𝒊𝒏𝒋 + 𝑩𝝆𝒆𝒙𝒕

𝑩𝑺𝑪



How to cook a good RCS ?

Acceleration scheme Stability

Cost

Pulsed

synchrotron

Fast ramping

magnets

Accelerator

physicist

Energy inefficiency

RF cavities

Development of a python package to integrate the different constraints

Any help is welcome !

Optics
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▪ Detailed parameter table: https://cernbox.cern.ch/index.php/s/I9VpITncUeCBtiz
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Parameters and tools:

General parameter

RCS1→314 

GeV

RCS2→750 

GeV

RCS3→1.5 

TeV

Circumference, 2pR [m] 5990 5590 10700

Energy factor, Eej/Einj 5.0 2.4 2.0

Repetition rate, frep [Hz] 5 (asym.) 5 (asym.) 5 (asym.)

Number of bunches 1m+, 1m- 1m+, 1m- 1m+, 1m-

Bunch population 2.5*1012 2.3*1012 2.2*1012

Survival rate per ring 90% 90% 90%

Acceleration time [ms] 0.34 1.04 2.37

Number of turns 17 55 66

Energy gain per turn, DE [GeV] 14.8 7.9 11.4

Acc. gradient for survival [MV/m] 2.4 1.3 1.1

Acc. field in RF cavity [MV/m] 30 30 30

Max. RF voltage for fs=135° [GV] 20.9 11.2 16.1

Courtesy: Fabian Batsch

https://cernbox.cern.ch/index.php/s/I9VpITncUeCBtiz


▪ The user chooses the synchrotron gemetry, injection and extraction phase 
(the dipoles are oscillating) and defines the dipole families and the dipole
patterns. 

▪ The code calculates: 
▪ The dipole period (compromise between the maximum voltage, the maximum field

slope and the minimum acceleration time) 

▪ The energy and synchronous phase variation

▪ The muon survival

▪ The optimum dipole lengths for each dipole

▪ The path length variation and the needed aperture

▪ Some optics parameters (momentum compaction, beam size) by assuming FODO 
cells (that should be improved in the future). 
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What is new since February



▪ Harmonic dipole: 1.8 sin𝜙 − 0.38197 sin 2𝜙

▪ Muon survival: 89.60% (linear ramp) against 89.58% (harmonic dipole): negligible difference
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Example of dipole ramp in the RCS ME
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Scaling laws

Case of 2 dipole families

D1 D2 D1 D2 D1

𝑛𝑐 the total number of FODO cells

𝑛𝑑 the number of D2 per half-cell

𝐿𝑑𝑑 the distance between 2 dipoles

Δ𝑐 the chord length of the half-cell

L1 the straight length of one dipole D1
L2 the straight length of one dipole D2
L𝑇,1 = 2𝑛𝑐 𝑛𝑑 + 1 𝐿1 the total length of D1
L𝑇,2 = 2𝑛𝑐𝑛𝑑𝐿2 the total length of D2
L𝑇 = L𝑇,1+L𝑇,2 the total length of dipoles

ℎ∗ = 1/𝜌∗ the reference curvature 

ℎ1 = 1/𝜌1 the curvature of  D1
ℎ2 = 1/𝜌2 the curvature of  D2

Definition of parameters 𝑎, 𝑏

𝑎 =
L𝑇,2

𝐿𝑇
𝑏 =

ℎ2

ℎ∗

To close the trajectory, we have the 

constraints:

L1 =
1−𝑎

2𝑛𝑐(𝑛𝑑+1)
𝐿𝑇 L2 =

𝑎

2𝑛𝑐 𝑛𝑑
𝐿𝑇

h1 =
1−𝑎 𝑏

1−𝑎
ℎ∗ ℎ2 = 𝑏 ℎ∗

𝐿𝑑𝑑 𝐿𝑑𝑑 Δ𝑐
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Total path length: analytic formulae

The total path length difference scales as 
1

𝑛𝑐
2 when the total dipole length is

large compared to the total distance used for the dipole spacing. 

For very large nc we are driven by the spacing between the dipoles.

If 4𝑛𝑐𝑛𝑑𝐿𝑑𝑑 ≪ 𝐿𝑇,

𝐒𝐓 − 𝐒𝐓,𝐚
∗ ∝

𝟏

𝒏𝒄
𝟐

𝐒𝐓 − 𝐒𝐓,𝐚
∗ ∝

𝒂 𝒃 + 𝒏𝒅
𝒏𝒅(𝟏 + 𝒏𝒅)

Clear interest to increase the number of cells and dipoles per half-

cell.
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Case: NC dipoles first

D1 D2 D1 D2 D1

𝐵𝑁𝐶 the field in NC dipole

𝐵𝑆𝐶 the field in SC dipole

𝐸𝑖𝑛𝑗 the injection energy

𝐸𝑒𝑥𝑡 the extraction energy

L𝑇,𝑁𝐶 =
𝜋 𝐸𝑒𝑥𝑡 − 𝐸𝑖𝑛𝑗

𝐵𝑁𝐶 𝑐

L𝑇,𝑆𝐶 =
𝜋 𝐸𝑒𝑥𝑡 + 𝐸𝑖𝑛𝑗

𝐵𝑆𝐶 𝑐

𝐿𝑇 =
𝜋 (𝐵𝑆𝐶 + 𝐵𝑁𝐶)𝐸𝑒𝑥𝑡−(𝐵𝑆𝐶 − 𝐵𝑁𝐶)𝐸𝑖𝑛𝑗

𝐵𝑁𝐶𝐵𝑆𝐶𝑐
= 2 𝜋 𝜌∗

𝐿𝑑𝑑 𝐿𝑑𝑑 Δ𝑐

𝑎 =
𝐵𝑁𝐶(𝐸𝑒𝑥𝑡 + 𝐸𝑖𝑛𝑗)

(𝐵𝑆𝐶 + 𝐵𝑁𝐶)𝐸𝑒𝑥𝑡−(𝐵𝑆𝐶 − 𝐵𝑁𝐶)𝐸𝑖𝑛𝑗

ℎ2,𝑖𝑛𝑗 =
BSC

𝐸𝑖𝑛𝑗
c ℎ2,𝑒𝑥𝑡 =

BSC

𝐸𝑒𝑥𝑡
c

𝑏𝑖𝑛𝑗 =
BSC 𝐿𝑇

2 𝜋 𝐸𝑖𝑛𝑗
c 𝑏𝑒𝑥𝑡 =

BSC 𝐿𝑇

2 𝜋 𝐸𝑒𝑥𝑡
c

L𝑁𝐶 =
𝜋 𝐸𝑒𝑥𝑡 − 𝐸𝑖𝑛𝑗

2 𝐵𝑁𝐶 𝑐 𝑛𝑐(𝑛𝑑 + 1)

L𝑆𝐶 =
𝜋 𝐸𝑒𝑥𝑡 + 𝐸𝑖𝑛𝑗

2 𝐵𝑆𝐶 𝑐 𝑛𝑐 𝑛𝑑
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RCS ME: NC dipoles first

variation with the number of cells nc

We assume an interconnection

length of 0.3 m and dipoles of  2 m.

We consider a beam stay clear of 6 

sigmas and FODO cells with a phase 

advance of 90 degrees.

The magnet screening is not 

included and should be added to get

the inner dipole aperture.

The vertical lines corresponds to the 

limit value of nc where there ins no 

space anymore to locate the 

quadrupoles.

That is better to have 5 or 7 dipoles

per cell. 
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RCS ME: NC dipoles first

variation with the SC dipole field

We assume an interconnection

length of 0.3 m and dipoles of  2 m.

We consider a beam stay clear of 6 

sigmas and FODO cells with a phase 

advance of 90 degrees.

The number of cells is calculated to 

maximize the filling ratio of the arcs.

We assume a total number of 16 RF 

sections (and thus arcs), which

explains the steps (number of cells is

a multiple of 16).
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Case: SC dipoles first

D1 D2 D1 D2 D1

𝐵𝑁𝐶 the field in NC dipole

𝐵𝑆𝐶 the field in SC dipole

𝐸𝑖𝑛𝑗 the injection energy

𝐸𝑒𝑥𝑡 the extraction energy

L𝑇,𝑁𝐶 =
𝜋 𝐸𝑒𝑥𝑡 − 𝐸𝑖𝑛𝑗

𝐵𝑁𝐶 𝑐

L𝑇,𝑆𝐶 =
𝜋 𝐸𝑒𝑥𝑡 + 𝐸𝑖𝑛𝑗

𝐵𝑆𝐶 𝑐

𝐿𝑇 =
𝜋 (𝐵𝑆𝐶 + 𝐵𝑁𝐶)𝐸𝑒𝑥𝑡−(𝐵𝑆𝐶 − 𝐵𝑁𝐶)𝐸𝑖𝑛𝑗

𝐵𝑁𝐶𝐵𝑆𝐶𝑐
= 2 𝜋 𝜌∗

𝐿𝑑𝑑 𝐿𝑑𝑑 Δ𝑐

𝑎 =
𝐵𝑆𝐶(𝐸𝑒𝑥𝑡 − 𝐸𝑖𝑛𝑗)

(𝐵𝑆𝐶 + 𝐵𝑁𝐶)𝐸𝑒𝑥𝑡−(𝐵𝑆𝐶 − 𝐵𝑁𝐶)𝐸𝑖𝑛𝑗

ℎ2,𝑖𝑛𝑗 = −
BNC

𝐸𝑖𝑛𝑗
c ℎ2,𝑒𝑥𝑡 =

BNC

𝐸𝑒𝑥𝑡
c

𝑏𝑖𝑛𝑗 = −
BNC 𝐿𝑇

2 𝜋 𝐸𝑖𝑛𝑗
c 𝑏𝑒𝑥𝑡 =

BNC 𝐿𝑇

2 𝜋 𝐸𝑒𝑥𝑡
c

L𝑁𝐶 =
𝜋 𝐸𝑒𝑥𝑡 − 𝐸𝑖𝑛𝑗

2 𝐵𝑁𝐶 𝑐 𝑛𝑐 𝑛𝑑

L𝑆𝐶 =
𝜋 𝐸𝑒𝑥𝑡 + 𝐸𝑖𝑛𝑗

2 𝐵𝑆𝐶 𝑐 𝑛𝑐(𝑛𝑑 + 1)
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RCS ME: SC dipoles first

variation with the number of cells nc

We assume an interconnection

length of 0.3 m and dipoles of  2 m.

We consider a beam stay clear of 6 

sigmas and FODO cells with a phase 

advance of 90 degrees.

The magnet screening is not 

included and should be added to get

the inner dipole aperture.

The vertical lines corresponds to the 

limit value of nc where there ins no 

space anymore to locate the 

quadrupoles.

SC dipoles first is better than NC 

dipoles. No gain to go to 7 

dipoles.
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RCS ME: SC dipoles first

variation with the SC dipole field

We assume an interconnection

length of 0.3 m and dipoles of  2 m.

We consider a beam stay clear of 6 

sigmas and FODO cells with a phase 

advance of 90 degrees.

The number of cells is calculated to 

maximize the filling ratio of the arcs.

We assume a total number of 16 RF 

sections (and thus arcs), which

explains the steps (number of cells is

a multiple of 16).
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RCS ME:

Case SC first with 5 dipoles and nc=208

That is possible to get a path length variation of about 1 cm. 

However, the cell is very compact. 

Although the energy ramp is quasi-linear, the synchronous phase 

varies by more than 10 degrees.

The voltage is assumed to be constant in the cavity.



▪ We make vary the injection 
energy in RCS ME.

▪ We adjust the filling factor 
and number of cells to 
keep a cell length of about 
30 m in the arcs.

▪ We consider a maximum 
field slope of 5 kT/s.

▪ At lower energy, we are 
limited by the maximum 
dipole slope.

▪ At higher energy, we are 
limited by the maximum 
dipole field.

▪ An energy of 300 GeV is
a good starting point.
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Is 300 GeV optimum as an intermediate energy?



▪ An analytical model has been developed to evaluate the path
lenth variation and the trajectory difference. We have now
scaling rules and the model has been extended to an arbitrary
number of dipole families.

▪ A python script has been developed to use these formulae and 
generate different RCS geometries.

▪ Concerning the RCS ME, the best dipole patterns are with
the SC dipole first and 5 dipoles. More dipoles does not help 
because of the needed space for the interconnections.

A. Chance,     Muon Collider collaboration meeting, 11-14 October 2022
18

Conclusions



▪ The same study can be extended for the RCS HE and the RCS to go to 5 TeV (the baseline
is still preliminary).

▪ That would be useful to optimize the injection/extraction energy of each step.

▪ The optics is based on FODO cells but that may be not the good assumption. Indeed, the 
number of RF sections becomes very large (more than 32, see Fabian Batsch’s presentation). 
The number of FODO cells between 2 RF sections may become very low (5-10). Other
optics may be more appropriate: we need to integrate the RF section in the cell. The 
direct impact is a change of the momentum compaction and the beam sizes.

▪ We can also choose to have more than one dipole block per half-cell. That is also a direction 
to increase the filling factor of the arcs and thus to reduce the path length variation.

▪ Some limitations like the minimum dipole length or the maximum quadrupole gradient 
are missing. That would be very useful to get these data to add constraints on the parameter
set.
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Next steps



Thank you

for attention
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